Large craniofacial defects present a substantial clinical challenge that often requires the use of osteoconductive matrices and osteoinductive cues (i.e., bone morphogenetic proteins [BMP2]) to augment healing. While these methods have improved clinical outcomes, a better understanding of how the osteogenic fronts surrounding the defect, the underlying dura mater, and the cranial suture area contribute to healing may lead to more targeted therapies to enhance bone regeneration. We hypothesized that healing within a large bone defect will be precipitated from cells within the remaining or available suture mesenchyme abutting the edges of a murine critical sized defect. To investigate this hypothesis, 39 adult, wild-type mice were randomly arranged into groups (9 or 10 per group) by time (4 and 8 weeks) and treatment (control, acellular collagen sponge alone, or acellular collagen sponge loaded with a clinically relevant scaled dosage of BMP2). The skulls were then subjected to microcomputed tomography and histological analysis to assess bone regeneration in regions of interest within the defect area. A regional assessment of healing indicated that BMP2 drives greater healing than control and that healing emanates from the surgical margin, particularly from the margin associated with undisrupted suture mesenchyme. Though BMP2 treatment drove an increase in cell presence within the healing defect, there was no regional orientation of craniofacial stem cells or vascularity. Overall, these data reinforce that osteoconductive matrices in conjunction with osteoinductive peptides result in better healing of large calvarial defects. This healing is characterized as emanating from the surgical margin where there is an abundant supply of vasculature and progenitor cells.
Bone is a dynamic and highly vascularized tissue that continues to remodel throughout life and has the innate capacity for healing upon damage. However, bone injuries and defects resulting from trauma or iatrogenic (e.g., tumor removal) sources present a major problem in craniofacial surgery, as the regenerative process often fails and surgical intervention to augment natural bone wound repair is required. 1 For clinicians, knowing which anatomical tissues play key roles in healing can help shape a treatment plan. While autologous bone grafting remains the standard of care as a result of its consistent clinical outcome, 2 its use is severely hampered by short supply and considerable donor site morbidity associated with the harvest. 3, 4 The field of bone tissue engineering provides alternative treatment options 5 ; however, there are still gaps in knowledge concerning mechanisms by which defects fail to heal natively and how engineered scaffolds augment the healing process.
The composite tissue environment surrounding a cranial defect contributes to a cascade of effects to allow for the regenerative capabilities inherent to bone. The osteogenic fronts surrounding the defect aid healing likely by donating progenitor cells and endogenous blood supply. [6] [7] [8] Retention of a craniofacial suture near the area of defect also appears to contribute to greater healing. This may be as a result of the sutures containing certain mesenchymal cell types, such as Gli1 + cells that have been hypothesized to contribute to cranial bone healing. 9, 10 Additionally, the periosteum overlying the cranial bone and the dura mater underlying calvarial bone contain key cell populations and growth factors that participate in bone regeneration.
Studies have shown that the use of osteoconductive matrices can increase the healing of a bone defect by creating an artificial gap between the bony edges that can be slowly turned over simulating indirect healing. [13] [14] [15] One current option for augmentation of bone healing utilized heavily in the fields of orthopedic and craniofacial surgery is the use of an acellular collagen sponge (ACS) 16 in combination with FDAapproved bone morphogenic protein 2 (BMP2; INFUSE Bone Graft; Medtronic, Minneapolis, MN). BMP2 is an osteogenic peptide appearing to have a synergistic effect with endogenous osteogenic signaling. [17] [18] [19] In this study, we aimed to determine what factors play a role in the healing process by using a regional analysis of a murine critical sized defect treated with an osteoconductive scaffold (ASC) and a clinically relevant dose of BMP2. 20, 21 As calvarial suture-derived stem cells have been hypothesized to contribute to bone wound healing, we posit that healing will be greater in approximation to undisturbed suture mesenchyme at the edge of the defect and that stem cells will play a vital role in the healing process.
MATERIALS AND METHODS

Animals
Adult (8 weeks old) C57BL6 wild-type male and female mice were randomly assigned five per group into one of the two treatment groups: (a) Control, implanted with ACS matrix with PBS and (b) BMP2, implanted with ACS matrix soak loaded with 325 ng BMP2. This subclinical dosage of BMP2 was used as it has previously been identified to precipitate quality bone regenerate in this model. 22, 23 A 5-mm critical sized calvarial defect was created according to established protocol. 17, 22, 23 Briefly, the mice were anesthetized using isoflurane (Bethlehem, PA), their scalps were shaved, and a midline 5 mm craniectomy defect was trephinated using a slowspeed hand drill. Care was taken to leave the dura mater intact; however, the periosteum was necessarily removed overlying the defect site. The surgical sites were then treated as detailed above and the incision was closed with a 6 × 0 polypropylene suture. Mice were monitored for 48 hours postsurgery for signs of inflammation and distress including over grooming, altered water intake, and wound dehiscence. Half of the mice (n = 10 control, n = 9 BMP were euthanized 4 weeks postsurgery, and the remaining mice (n = 10 control, n = 10 BMP were euthanized 8 weeks postsurgery using CO 2 gas followed by a cervical spine dislocation. Following sacrifice, skulls were collected and bisected from the occipital protuberance to nasale and the surgical sites were subjected to microcomputed tomography (μCT) analyses.
Animal Use Protocols were approved by the Medical University of South Carolina Institutional Animal Care and Use Committee (AR#3452). All procedures were carried out in an Association for Assessment and Accreditation of Laboratory Animal Care International accredited facility where husbandry and related services are provided by the Division of Laboratory Animal Resources. Procedures and reporting thereof are in compliance with the Animal Research: Reporting in vivo Experiments guidelines. 24 Microcomputed tomography analysis μCT images of the defects were obtained via ex vivo Skyscan 1176 (Skyscan, Aartlesaar, Belgium) utilizing a 0.5-mm thick aluminum filter at a voltage of 50 kV and current of 500 μA. Data were acquired at a resolution of 18 μm isotropic voxels, with a rotation step of 0.5 and 180 rotation. Representative images were created using CTvol software v 2.3.2.0 r810 (Skyscan). Standard morphometric parameters were determined for all samples. 25 Bone volume/tissue volume (BV/TV) using a standardized volume of interest at four different regions within the 5 mm defect site-margin, surgical margin not associated with calvarial suture; posterior, surgical margin associated with the abutment of the sagittal and lambdoid sutures; anterior, surgical margin associated with the abutment of the sagittal and coronal sutures; and center, midline of the surgical defect where the sagittal suture was removed-were analyzed ( Figure 1A ).
Histological staining and cell counts
After μCT scanning, representative samples (n = 4/time/ group) from the control and BMP2-treated groups at each time point were bisected in the coronal plane through the center for the surgical defect and prepared for paraffin sectioning. Briefly, samples were placed in 3.7% formaldehyde for 2 days then decalcified in 0.25 M EDTA at pH 7.4 for 21 days. Samples were then washed, dehydrated in graded ethanol (70-100%), cleared in xylene, and embedded in paraffin. Histology and immunohistochemistry were performed on three, 7 μm sections in the coronal plane at least 40 μm apart per sample for each analysis. Harris' hematoxylin (VWR, Radnor, PA, 10143-606) and Eosin (VWR, 95057-848) (H&E) staining proceeded by standard protocol. Images of the H&E-stained defects were obtained using a Motic Inverted Microscope with attached camera (Motic, Richmond, Canada) and analyzed using NIH ImageJ software to count nuclei. A mask was created for each image to count purple stained nuclei in the identified region of interest: center of the defect overlying the removed sagittal suture; intermediate not suture or margin related area; margin of the defect containing approximately 50% native bone ( Figure 1B) .
For immunohistochemistry, slides were deparaffinized in xylene and rehydrated in graded ethanol (100-0%). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide and then washed. Sections were blocked in 1% goat serum with 1% bovine serum albumin. Sections were incubated with primary antibody (Gli1, NBP1-78259, 1:500, Novus Biologicals Littleton, CO; CD44, Ab157107, 1:1000, AbCam; PECAM, Ab28364, 1:50, AbCam) overnight at 4 C followed by washing and incubation with HRP conjugated secondary antibody (ab6721, AbCam) for 1 hour at room temperature. Diaminobenzidine (Vector Laboratories, Bulingame, CA) chromagen was used to identify immunoreactive structures. Sections were analyzed using ImageJ Software and the IHC Profiler Open Source Plugin for automated scoring of percent positivity within region of interest. 26 
Statistics
Standard two-way ANOVA with post hoc Bonferroni analyses were conducted where appropriate. Transformations of the data were performed where needed to correct for violations of homogeneity of variance or normality. Differences were considered significant if p ≤ 0.05. Data are presented as means AE SE.
RESULTS
A regional assessment of healing in the form of BV/TV within a standardized volume indicated that BMP2 drove greater healing at both 4 and 8 weeks (p < 0.001, Figure 2) . Analysis of healing within the defect via μCT indicates greater healing over time. Additionally, the center of the defect (overlying the extirpated sagittal suture) precipitated less healing than the anterior and posterior regions of the defect associated with the remnants of the coronal and lambdoid suture mesenchyme, respectively, at both 4 and 8 weeks (p < 0.01). At 4 weeks, the margin not associated with existing suture presented with less healing as compared to the area associated with the coronal suture at the anterior of the defect (p < 0.05). By 8 weeks, the margin precipitated more healing than the center of the defect (p < 0.001).
Histologically, it appears that at 4 weeks, both groups present with disorganized regenerate throughout the defect site. Assessing the histological cell count at 4 weeks postsurgery, the BMP-treated defects contained more cells than the control defects (p < 0.01). By 8 weeks this relationship was reversed (Figure 3 ). The regional assessment of cell density did not reveal any differences by region.
As there were no differences in the number of cells present in each region of the defect we investigated each region for stem cells to elucidate if the type of cell in each region drove the observed healing pattern. An investigation of Gli1, a marker of suture derived stem cells, revealed no statistically significant differences in proportion of stem cells within regions associated with the surgical margin, the extirpated sagittal suture, or an intermediate region unassociated with suture or surgical margin at either time point. Additionally, an assessment of CD44 positive cells also revealed no statistically significant differences by region, time, or treatment (Figure 4) . As differences in stem cell activity by location in this healing model were not observed, we assessed if the increased healing observed at the surgical margins could be correlated with increased vasculature. Staining for PECAM, a marker associated with blood vessels and angiogenesis, indicated increased PECAM staining with BMP2 treatment (p < 0.001) and with time (p < 0.001). However, our regional assessment of this staining did not reveal statistically significant differences by location ( Figure 5 ).
DISCUSSION
Results confirmed the hypothesis that healing in the defect would be greater along the osteogenic front associated with undisturbed suture mesenchyme than in the center of the defect. However, our conjecture that this increased healing was due to an increased presence of stem cells from the suture mesenchyme was not supported. This result lends support to the hypothesis that availability of vasculature and/or other necessary signaling cascade (e.g., matrix proteins) may be responsible for this healing within a calvarial defect. 6 The assessment of PECAM staining within the defect also supports this hypothesis with increased PECAM presence at the margin of the defect associated with native diploe and at the center associated with the undisturbed underlying sagittal sinus. When considering the margins of the defect, we found that BMP2 treatment could greatly augment healing, particularly in this region, reinforcing the principle that BMP2 intervention is a primary factor robustly augmenting healing along the osteogenic front.
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Investigation of isolated regions within the defect site revealed that healing of the central portion of the defect is likely only influenced by the underlying dura mater and lacks the contribution of the osteogenic fronts until margins reapproximate over time allowing for more direct healing. 8 Interestingly, our data indicate that there may be an increased presence of stem cells (Gli1) in the center of the defect overlying the extirpated sagittal suture. The presence of this marker within the entire defect area may be evidence of the role of Gli1 cells in healing in general. 9, 10 Further, though our assessment did not reveal statistically significant differences in stem cell location within the healing defect, the specific distribution that we observed could be biologically relevant to the healing process. 28, 29 Our results show that BMP2 can drive healing at the center of the defect, potentiating "ectopic bone" that can later be incorporated and remodeled. However, without augmentation by this powerful peptide, little healing occurs, suggesting the prior presence (potentially imprinting of signals within the underlying dura) of the sagittal suture contributes very little to healing in this model. 11, 12 Use of an osteoinductive peptide (BMP2) along with an osteoconductive matrix (ACS) precipitated the greatest amount of bone growth in this experiment, reinforcing previous studies. 17, 22, 23, 27, 30 Further, this treatment modality showed the greatest amount of cellular infiltration at the 4 week time point. Investigating the cell counts along with the corresponding μCT analyses, it appears that a greater amount of cellular infiltration at 4 weeks post-op correlates, not unexpectedly, to more healing. The 8 week histological sections, particularly those from the BMP group are thinner and more organized than the 4 week sections indicating both a degradation of the osteoconductive scaffold and a remodeling of naïve bone. These data suggest that the ability to recruit as many regenerative cells as possible to the defect site is crucial in the process of bone healing. Additionally, it may be that in compromised healing there is a deficiency in available cells for healing. Interestingly, we found that there were comparatively fewer CD44 stem cells recruited to the defect cite at 4 weeks for the BMP-treated group. This may be an indication of a change in the stepwise timing of the bone healing process indicating that stem cells may contribute earlier in the healing process resulting in the abundance of differentiated cells observed at 4 weeks. [31] [32] [33] Our hypothesis that stem cells are contributing to this healing process was not validated at these time points.
Overall, employing osteoconductive matrices in conjunction with osteoinductive peptides results in better healing of large bony defects of the calvarium. This healing appears to emanate from the surgical margin where there is an abundant supply of vasculature and both hematopoietic and mesenchymal progenitor cells.
